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Abstract
Recent studies in RAS wild-type (WT) metastatic colorectal cancer (mCRC) suggest that the survival benefits of
therapy using anti-epidermal growth factor receptor (anti-EGFR) and anti-vascular endothelial growth factor (anti-
VEGF) antibodies combined with chemotherapy are maximized when the anti-EGFR antibody is given as first-line,
followed by subsequent anti-VEGF antibody therapy. We report reverse-translational research using LIM1215
xenografts of RAS WT mCRC to elucidate the biologic mechanisms underlying this clinical observation. Sequential
administration of panitumumab then bevacizumab (PB) demonstrated a stronger tendency to inhibit tumor growth
than bevacizumab then panitumumab (BP). Cell proliferation was reduced significantly with PB (P b .01) but not
with BP based on Ki-67 index. Phosphoproteomic analysis demonstrated reduced phosphorylation of EGFR and
EPHA2 with PB and BP compared with control. Western blotting showed reduced EPHA2 expression and S897-
phosphorylation with PB; RSK phosphorylation was largely unaffected by PB but increased significantly with BP. In
quantitative real-time PCR analyses, PB significantly reduced the expression of both lipogenic (FASN, MVD) and
hypoxia-related (CA9, TGFBI) genes versus control. These results suggest that numerous mechanisms at the levels
of gene expression, protein expression, and protein phosphorylation may explain the improved clinical activity of
PB over BP in patients with RAS WT mCRC.

Neoplasia (2018) 20, 668–677
Address all correspondence to: Junpei Soeda, MD, PhD, Japan Medical Affairs, Japan
Oncology Business Unit, Takeda Pharmaceutical Company Limited, 12-10
Nihonbashi 2-chome, Chuo-ku, Tokyo 103-8668, Japan.
E-mail: jumpei.soeda@takeda.com
1These authors have contributed equally to the work.
Received 27 March 2018; Revised 24 April 2018; Accepted 24 April 2018

© 2018 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1476-5586/18
https://doi.org/10.1016/j.neo.2018.04.006

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2018.04.006&domain=pdf
jumpei.soeda@takeda.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neo.2018.04.006


Neoplasia Vol. 20, No. xx, 2018 Panitumumab Followed by Bevacizumab in Xenograft Tumors Taniguchi et al. 669
Introduction
Colorectal cancer (CRC) is the third most common cancer in men
and the second most common in women, accounting for
approximately 1.36 million new cases and 694,000 deaths worldwide
each year [1]. Approximately 25% of CRC patients present metastatic
disease (mCRC) at diagnosis, and almost half will subsequently
develop metastases [2]. The current standard of care for mCRC
involves a backbone of cytotoxic chemotherapy, using regimens such
as FOLFIRI (fluorouracil, leucovorin, and irinotecan) and FOLFOX
(fluorouracil, leucovorin, and oxaliplatin) combined with targeted
agents [2,3]. Such regimens involving an anti-epidermal growth factor
receptor (EGFR) antibody, such as panitumumab and cetuximab, or
the anti-vascular endothelial growth factor (VEGF) antibody,
bevacizumab, in combination with chemotherapy, improve survival
compared with chemotherapy alone [4–9].
RAS is a small guanosine triphosphate hydrolase that is constitutively

activated by mutation in ~20% of human cancers [10]. KRAS is the
predominantlymutated isoform inCRC [10]; 55.9%of patients withCRC
harbor a RAS (KRAS/NRAS) mutation [11]. Constitutive RAS activation
facilitates oncogenesis through the up-regulation of signaling pathways
such as mitogen-activated protein kinase (MAPK) and Akt [12,13].
Potential benefit with anti-EGFR antibodies appears to be limited

to patients with RAS wild-type (WT) mCRC [14–16]; such patients
had improved clinical outcomes when treated with an anti-EGFR
antibody and chemotherapy as first-line therapy than when compared
with an anti-VEGF antibody and chemotherapy [17]. Post-hoc
analysis of the FIRE-3 study, in which patients with RASWTmCRC
received treatment with FOLFIRI plus cetuximab or bevacizumab,
highlighted a durable overall survival (OS) advantage for the group of
patients that received FOLFIRI and cetuximab as first-line therapy
compared with FOLFIRI and bevacizumab (median 33.1 vs. 25.0
months; hazard ratio [HR] 0.70; P = .0059) [17]. There have also been
indications that first-line therapy inRASWTmCRC can determine the
efficacy of subsequent treatments and affect outcomes [18–20].
Furthermore, an exploratory analysis of data from three randomized
studies of mCRC suggested a trend towards improved OS with a first-
line anti-EGFR antibody plus chemotherapy followed by a second-line
anti-VEGF antibody compared with the opposite sequence [21].
While the use of an anti-EGFR antibody in first-line treatment can

increase the efficacy of second-line anti-VEGF antibodies [22,23], initial
treatment with an anti-VEGF antibody may decrease the efficacy of
subsequent anti-EGFR antibodies [24–26]; a sufficient anti-VEGF
antibody-free period prior to treatment with second-line anti-EGFR
antibodies is necessary to limit this reduced efficacy [27]. The biologic
rationale for this finding remains unknown, but mechanisms have been
suggested that may contribute [19,20].RASWTmCRC tumor cells that
develop resistance to an anti-EGFR antibody may retain sensitivity to an
anti-VEGF antibody, but resistance to an anti-VEGF antibody can lead
to the development of resistance to anti-EGFR antibodies [19,20].
Indirect evidence for this comes from the finding that resected liver
metastases from Japanese patients with mCRC treated with bevacizumab
demonstrated significantly increased tumoral VEGFAmRNA expression
[28], while in pre-clinical models of CRC, overexpression of VEGFA or
treatment with exogenous VEGF-A ligand conferred resistance to
cetuximab [24,29]. Taken together, these findings highlight a potential
mechanism of acquired resistance to anti-EGFR antibodies in mCRC
that potentiates tumor angiogenic ability. Nevertheless, many details
regarding the biologic mechanisms underlying the efficacy of the two
different treatment sequences in the clinic are yet to be explored.
Here, we present the results of reverse-translational research using
xenograft models of humanCRC to evaluate the biologic reasons for the
improved outcomes seen with sequential use of an anti-EGFR antibody
(panitumumab) followed by an anti-VEGF antibody (bevacizumab)
compared with the opposite sequence in patients with RAS WT
mCRC. We performed quantitative phosphoproteomic and tran-
scriptome analyses of xenograft tumors to identify biological changes
with sequential treatment that may provide some explanation for the
survival benefits previously demonstrated in clinical settings.

Materials and Methods

Cells and Reagents
The human colon cancer cell line LIM1215 was obtained from the

European Collection of Authenticated Cell Cultures (ECACC, Salisbury,
UK). LIM1215 cells were cultured in conditions recommended by the
ECACC. Panitumumab was provided by Amgen (Thousand Oaks, CA,
USA). Bevacizumab was purchased from Roche (Basel, Switzerland).

Xenograft Construction and Study Treatment
All in vivo experimental protocols complied with the Guide for the

Care and Use of Laboratory Animals (8th Edition), and were approved
by the Institutional Animal Care and Use Committee of the Shonan
Research Center (#00011823), Takeda Pharmaceutical Company
Limited, or Shanghai Medicilon Inc. (Shanghai, China).

LIM1215 cells were selected because they have WT RAS (WT KRAS
and NRAS) and WT BRAF, and panitumumab and bevacizumab have
previously shown anti-tumor effects in xenografts of LIM1215 tumors
[30]. Six- to seven-week-old female C.B17/Icr-scid/scid Jcl (SCID) mice
(from CLEA, Tokyo, Japan, or Beijing Vital River Animal Technology,
Beijing, China) maintained under specific pathogen-free conditions were
injected subcutaneously in the right flank with 5 million LIM1215 cells
mixed with Matrigel (Corning, NY, USA). In vivo LIM1215 xenografts
were constructed at two different sites, LIM1215(A) and LIM1215(B).
Once tumor volume reached 50–200 mm3, mice were randomized to
each treatment group. All treatment was intraperitoneal. The vehicle
control group received saline twice-weekly for 2 weeks or 4 weeks.
Panitumumab and bevacizumab were given twice-weekly at 3 mg/kg and
10 mg/kg, respectively. The panitumumab-bevacizumab (PB) group
received panitumumab for 2 weeks followed by bevacizumab for 2
weeks; the bevacizumab-panitumumab (BP) group received the reverse
sequence. One group received bevacizumab (BB) for 4 weeks and other
groups received monotherapy with panitumumab (P group) or
bevacizumab (B group) for 2 weeks (Supplementary Figure S1).

Tumor volumes (length × width2 × 0.5) were measured twice-
weekly with Vernier calipers and antitumor activity was evaluated by
percentage of relative growth rate (GR) calculated using the following
equation: %GR = (mean growth rate of treated tumor/mean growth
rate of vehicle control group) × 100. Following final tumor volume
measurements, mice were anesthetized 24 hours after final drug
administration and euthanized by cervical dislocation, and tumor
samples were collected. Samples from the LIM1215(A) xenografts
were used for the transcriptome and phosphoproteome analyses, and
quantitative real-time PCR (qRT-PCR). The LIM1215(B) xenograft
samples were used for qRT-PCR, western blotting, and histology analyses.

Tumor Tissue Analyses
Formalin-fixed paraffin-embedded sections (4 μm) of resected tumor

tissue were used for histologic analysis. Hematoxylin and eosin staining



Figure 1. Antitumor effect in LIM1215(A) xenografts by treatment
received. (A and B) assessed by average tumor volume and (C)
relative growth rate. Arrowheads indicate dosing. Arrows indicate
sample harvesting. Data represent mean ± SE. (n = 3–7. *P b .05).
B, bevacizumab; P, panitumumab; V, vehicle control.
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was conducted according to standard protocol. Ki-67 staining was
performedwith anti-Ki-67 antibody (Nichirei Biosciences, Tokyo, Japan)
and hematoxylin background. The Ki-67 index (%) was estimated by
counting the number of Ki-67-positive cell nuclei per 1200–1800 tumor
cells in the three regions of the tumor with the greatest staining density.

Phosphoproteomic Analysis and Western Blotting
Quantitative phosphoproteomic analysis of xenografts was performed

using mTRAQ technology (AB Sciex, Framingham, MA, USA).
Xenografts were homogenized in homogenization buffer (10 mM
phosphate [pH 7.5], 8 M urea, protease inhibitor, and phosphatase
inhibitors) and proteins were precipitated with 5 volumes of acetone
followed by resolution in lysis buffer (4% sodium dodecyl sulfate [SDS,
SERVA Electrophoresis GmbH, Heidelberg, Germany], 0.4% 3-[3-
cholamidopropyl] dimethylammoniopropanesulfonate [CHAPS,
DOJINDO, Kumamoto, Japan] and 10 mM triethylammonium
bicarbonate [TEAB, Wako, Osaka, Japan]). Each lysate, and a mixture
of all lysates (internal standard), were digestedwith Lys-C (Wako,Osaka,
Japan) and trypsin (Promega, Madison,WI, USA) by the FASP method
[31] using Amicon Ultra-4 30 k centrifugal filter units (Merck KGaA,
Darmstadt, Germany). The digested peptides were loaded onto TiO2

chips (GL Science, Tokyo, Japan) for phosphopeptide enrichment, and
phosphopeptides were labeled with mTRAQ reagent (AB Sciex,
Framingham, MA, USA). Labeled phosphopeptides from each sample
and the internal standard weremixed and separated into 12 fractions on a
polysulfoethyl A SCX column (PolyLC, Columbia, MD, USA). The
fractions were then analyzed using fusion mass spectrometry (MS)
(Thermo Scientific, Waltham, MA, USA) coupled to a nano-liquid
chromatography system (EASY-nLC 1000). MS files were processed
with ProteomeDiscoverer 1.4 (Thermo Scientific,Waltham,MA,USA)
using MASCOT (v. 2.5, Matrix Science, London, UK). The ratio of
sample:vehicle was calculated by sample:mixture / vehicle:mixture.

For western blotting, RIPA buffer (Wako, Osaka, Japan) containing
inhibitors (#78443, Thermo Scientific, Waltham, MA, USA) was
added to the recovered tumor, and lysis was carried out using a bead
homogenizer. The protein concentration of the supernatant was
measured by BCA Protein Assay (Bio-Rad, Hercules, CA,USA). Tissue
lysates were subjected to SDS-polyacrylamide gel electrophoresis (SDS-
PAGE, Criterion TGX precast gels, Bio-Rad, Hercules, CA, USA) and
transfer by Trans-Blot Turbo System (Bio-Rad, Hercules, CA, USA).
Antibodies used were as follows: anti-ephrin type-A receptor 2
(EPHA2; #6997), anti-phospho-EPHA2 (S897; #6347), anti-
ribosomal S6 kinase (RSK) (#8408), anti-phospho-RSK (S380;
#11989), and anti-β-actin (#5125) (all fromCell Signaling Technology,
Danvers, MA, USA). Western blots were developed using ImmunoStar
Zeta or ImmunoStar LD (Wako, Osaka, Japan). Band densities were
quantified by an image analyzer (LAS-3000, Fujifilm, Tokyo, Japan).

Transcriptome Analysis and qRT-PCR
Total RNA was extracted from tumor tissue and treated with DNase

using the RNeasy Mini Kit (QIAGEN, Germantown, MD, USA)
according to the manufacturer's recommendations. Gene expression
analysis was conducted by microarray on SurePrint G3 Human GE
8X60k V3Microarrays (Agilent, Santa Clara, CA, USA) according to the
manufacturer's guidelines. Signal values were logarithmically transformed
and subjected to quantile normalization. Statistical significance of the
expression data was determined using fold change (above 1.5 fold) and
independent t-test (P-value b .05) between two groups in array probes
with Flag-P in both groups. Sets of differentially expressed genes (DEGs)
were selected using theOmicsoft Array Studio (QIAGEN,Germantown,
MD, USA). Enrichment analysis for DEG sets (Diseases and Bio
Functions, Canonical Pathways) was performed using Ingenuity Pathway
Analysis (QIAGEN, Germantown, MD, USA).

Image of Figure 1


Figure 2. Outcome of immunohistochemistry for Ki-67 in LIM1215(B) xenograft sections. (A) Using vehicle control, (B) panitumumab-
bevacizumab, (C) bevacizumab-panitumumab, and (D) bevacizumab-bevacizumab. (E) Proportion of Ki-67-positive cells in all treatment
groups. Sections were IHC stained for Ki-67 (brown) and counterstained with hematoxylin (purple). Representative images of the sections
are shown. Data in the graph represent the mean ± SE (n = 6–8). **P b .01. B, bevacizumab; P, panitumumab; V, vehicle control.
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Purified RNA was reverse-transcribed with the High-Capacity
cDNA Reverse Transcription Kit with RNase Inhibitor (Thermo
Fisher Scientific, Waltham, MA, USA) and qRT-PCR was performed
with the TaqMan® Fast Advanced Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA) using a ViiA 7 Real-Time PCR
System (Thermo Fisher Scientific, Waltham, MA, USA). Relative
quantified RNA was normalized to the housekeeping gene β-actin, and
results were evaluated using the comparative ΔΔCT method. The
TaqMan®Gene ExpressionAssays (Thermo Fisher Scientific,Waltham,
MA, USA) used for each gene are listed in Supplementary Table S1.

Statistical Analyses
Data for vehicle controls and other groups was initially analyzed

using Bartlett's test for homogeneity of variance. When variance was

Image of Figure 2


Table 1. Levels of Phosphorylated Growth Factor Receptors in LIM1215(A) Xenografts Treated
with PB, BP, and BB Relative to Vehicle Control

Protein
Name

Phosphorylation
Site

Fold Change vs. Vehicle Control

PB BP BB

EGFR pT693 (pT669) 0.60 0.70 1.04
pS991 (pS967) 0.59 0.71 0.82
pS1166 (pS1142) 0.81 1.02 0.81

EPHA2 pS897 0.36 0.77 1.07
pS901 0.42 0.68 1.43

IGF2R pS2049 0.89 0.84 0.95
pS2484 1.02 0.91 0.89

B, bevacizumab; P, panitumumab.
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homogenous, differences between groups were analyzed by Dunnett's
multiple comparison test. When variance was not homogenous, the
Steel-Dwass multiple comparison test was used. A significance level of
P b .05 was used.

Results

PB Was More Effective Than BP at Inhibiting Tumor Growth
Rate in Xenograft Models

In the LIM1215(A) xenograft, panitumumab and bevacizumab alone
demonstrated almost equivalent efficacy (Figure 1A). Obvious growth
retardation was observed in all sequential treatment groups (Figure 1B).
Relative GR was significantly reduced with PB, BP, and BB in LIM1215
(A) xenografts compared with vehicle control and there was a numerically
greater decrease in growth rate in the PB group than in the BP group
(Figure 1C). A significant decrease in relative GRwas also apparent in the
PB group in LIM1215(B) xenografts (Supplementary Figure S2).

Ki-67 Index Fell with PB
Cell proliferation per Ki-67 index was significantly reduced with PB

compared with vehicle controls (66.5% vs. 75.8% Ki-67 positive cells,
P b .01; Figure 2E). Proliferationwas also numerically reduced compared
with vehicle controls using BP (72.0%Ki-67 positive cells), but to a lesser
extent than with PB. The BB treatment sequence did not have an
antiproliferative effect (78.1% Ki-67 positive cells) (Figure 2).

EGFR and EPHA2 Phosphorylation Levels Were Reduced with
PB and BP

Table 1 shows the phosphopeptides selected from all phospho-
proteomic analysis data according to the following criteria: 1, the
peptide is a part of growth factor receptor; 2, phosphorylation of the
site has previously been identified by a site-specific method (i.e.
methods other than omics); 3, signals were detected in all 4 groups
(vehicle control, PB, BP, and BB).

Levels of phosphorylated growth factor receptors (EGFR and
EPHA2) were reduced with both PB and BP compared with vehicle
control (Table 1); changes in insulin-like growth factor 2 receptor
were small in all groups. However, PB demonstrated greater
reductions in the phosphorylation level of EGFR and EPHA2 than
BP. The greatest change was demonstrated for EPHA2 pS897 and
EPHA2 pS901; in the PB group, expression was 36% and 42%,
respectively, of the level in vehicle controls compared with 77% and
68%, respectively, in the BP group. Treatment with BB did not result
in a decrease in the levels of phosphorylated EPHA2 compared with
vehicle control, with only slight reductions in phosphorylation of
EGFR at S991 and S1166 (Table 1). Further phosphoproteomic data
can be found in Supplementary Table S2.
EPHA2 Protein Expression and Ser-897-Phosphorylation Were
Decreased byPB, andRSKPhosphorylationWas IncreasedwithBP

EPHA2 was selected for study by western blotting due to its strong
inhibition with PB, as demonstrated in phosphoproteomic analysis.
Western blotting showed reduction of total EPHA2 protein and EPHA2
S897-phosphorylation (pEPHA2) levels by PB, while BP showed large
individual variation; BB had little effect (Figure 3, A and B). Compared
with vehicle controls, the pEPHA2:EPHA2 ratio was reduced significantly
with PB (P b .01) (Figure 3, C andD). The pEPHA2:EPHA2 ratio was
also reduced with BP, but with less effect than PB (Figure 3C).

Due to the known ability of RSK to induce pEPHA2 in a ligand-
independentmanner [32–34], RSKwas also selected for study bywestern
blotting. PB had minimal effect on both levels of total RSK1 protein and
RSK S380-phosphorylation (pRSK) compared with vehicle control.
Conversely, both BP and BB increased pRSK levels compared with
vehicle control (Figure 3,E andF). The pRSK:RSK ratio was significantly
increased by both BP (P b .001) and BB (P b .01) (Figure 3,G andH).

Variable Lipogenic Gene ExpressionWasObservedWith Sequential
Treatment

Significant changes in pathway activity relating to lipid metabolism
occurred in tumors treated with BB (Table 2) and expression levels of
some lipogenic genes were higher with BB versus vehicle control
(Supplementary Table S3 and S4). Some pathways were changed in
the PB and BP groups, and with panitumumab alone, which altered
pathways related to lipid metabolism (Supplementary Table S5).

Lipogenic and Hypoxia-Related Gene Expression Was Reduced
With PB

qRT-PCR analysis was performed for lipogenic genes based on the
results of transcriptome analysis and demonstrated a definite change in
lipid metabolism. Significant suppression of the lipogenic genes fatty acid
synthase (FASN) and mevalonate diphosphate decarboxylase (MVD) was
demonstrated with treatment using panitumumab alone, but no
suppression was apparent with bevacizumab alone (Figure 4, A and C).
Furthermore, expression levels of FASN (59% of expression vs. control,
P b .01) and MVD (56% of expression vs. control, P b .05) were
significantly decreased in the PB group compared vehicle controls, and 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and lanosterol
synthase (LSS) were numerically decreased (Figure 4, E to H). For the
hypoxia-related genes carbonic anhydrase 9 (CA9) and transforming
growth factor-β induced protein (TGFBI), the P group showed
significant suppression, but the B group did not demonstrate
suppression (Figure 4, I and J). Furthermore, expression of CA9
(22% expression vs. control; P b .01) and TGFBI (11% expression vs.
control; P b .01) were significantly reduced compared with control
using PB (Figure 4, K and L). In the BP group the expression of all
studied genes was reduced, but none of the reductions were statistically
significant. Although transcriptome analysis (LIM1215[A]) had
indicated an increase in lipid metabolism pathways in the BB group,
quantitative PCR (LIM1215[B]) did not demonstrate enhanced
expression of lipogenic genes in this treatment group.

Discussion
Anti-EGFR antibodies and anti-VEGF antibodies represent the
current standard of care for front-line mCRC treatment when used in
combination with cytotoxic chemotherapy regimens [2,3]; however,
evidence suggests that the sequence in which these agents are given to
patients may affect clinical outcomes [18–27]. In this study, using
xenograftmodels ofRAS/BRAFWTCRC, PBwas found to be themost



Figure 3. Results of western blotting in LIM1215(B) xenografts. (A) EPHA2 and pEPHA2 with panitumumab-bevacizumab compared with
bevacizumab-panitumumab. (B) EPHA2 and pEPHA2 with panitumumab-bevacizumab compared with bevacizumab-bevacizumab. (C)
Phosphorylation of EPHA2 for panitumumab-bevacizumab compared with bevacizumab-panitumumab and (D) compared with
bevacizumab-bevacizumab. (E) RSK and pRSK with panitumumab-bevacizumab compared with bevacizumab-panitumumab and (F)
RSK and pRSK with panitumumab-bevacizumab compared with bevacizumab-bevacizumab. (G) Phosphorylation of RSK for
panitumumab-bevacizumab compared with bevacizumab-panitumumab and (H) compared with bevacizumab-bevacizumab. Data
represent mean ± SD (n = 8). **P b .01, ***P b .001. B, bevacizumab; P, panitumumab; V, vehicle control.
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Table 2. Enrichment Analysis of LIM1215(A) Xenografts Treated with Bevacizumab-Bevacizumab
Compared with Vehicle Control (all Canonical Pathways, P b .001)

Canonical Pathways P-Value

Superpathway of cholesterol biosynthesis 1.3E-18
Cholesterol biosynthesis I 3.2E-12
Cholesterol biosynthesis II (via 24,25-dihydrolanosterol) 3.2E-12
Cholesterol biosynthesis III (via Desmosterol) 3.2E-12
Mevalonate pathway I 3.8E-08
Superpathway of Geranylgeranyldiphosphate biosynthesis I (via Mevalonate) 1.8E-07
Gamma-linolenate biosynthesis II (Animals) 8.7E-06
LXR/RXR activation 5.5E-05
Epoxysqualene biosynthesis 6.3E-05
LPS/IL-1 mediated inhibition of RXR function 7.8E-05
Fatty acid activation 1.3E-04
Stearate biosynthesis I (Animals) 3.2E-04
Mitochondrial L-carnitine shuttle pathway 3.2E-04
FXR/RXR activation 5.4E-04
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efficacious treatment sequence with regards to relative GR and reducing
the Ki-67 index of tumor cells; the opposite sequence failed to achieve
significant reduction of Ki-67 index. Phosphoproteomic analysis also
showed that PB was the more effective treatment sequence with regards
to reducing the phosphorylation status of key cancer-related signaling
proteins, including EGFR and EPHA2, with 36% EPHA2(pS897)
phosphorylation with PB versus vehicle control. Western blot
experiments confirmed that overall EPHA2 levels and the pEPHA2:
EPHA2 ratio were significantly reduced with PB, but not BP or BB,
which indicates that PB reduces the phosphorylation status of EPHA2
by mechanisms other than reduction of overall EPHA2 levels.

In this study, the effect of BP could be influenced by the negative
impact of bevacizumab on subsequent anti-EGFR efficacy inmCRC, as
previously demonstrated in retrospective clinical studies [24–27].
Derangère et al. demonstrated a significant PFS advantage for patients
with RAS WT mCRC receiving second- or third-line anti-EGFR
antibodies after non-bevacizumab therapy compared with prior
bevacizumab (4.0 vs. 2.8 months; P = .003) [24]. Similarly, a study
of patients with KRAS exon 2 WT mCRC undergoing anti-EGFR
therapy following failure of fluoropyrimidines, oxaliplatin, and
irinotecan demonstrated significantly longer PFS andOS and improved
response rates for patients who had received bevacizumab more than 6
months prior to anti-EGFR therapy compared with less than 6 months
before (PFS 6.6 vs. 4.2 months, P = .038; OS 14.3 vs. 11.6 months,
P = .039; response rate 47.5% vs. 24.3%, P = .012) [27]. While
such retrospective studies require validation in prospective settings, the
findings are consistent with those of the current study.

Treatment with bevacizumab enhances VEGFA gene expression in
CRC tumors and subsequently increases VEGF-A protein concentrations
in the blood [24,28], which in turn is suggested to cause resistance to anti-
EGFR antibodies [24]. Similarly, a study using SUM149 xenografts
identified a significant reduction in the targeting of radiolabeled
cetuximab to tumors following bevacizumab treatment [35]. Alongside
our findings, and considering the shared molecular target of cetuximab
and panitumumab, such studies suggest biologic mechanisms that may
account for the reduced clinical efficacy of anti-EGFR antibodies when
administered following an anti-VEGF antibody in mCRC.

Panitumumab suppresses EGFR signaling, preventing transcrip-
tional activation of EPHA2 through MAPK signaling [36,37]. This
may explain both the significant reduction in Ki-67 index and
reduced expression of EPHA2 that we identified with PB versus vehicle
controls. Increased EPHA2 expression in CRC predicts poor response
to cetuximab [38,39]. Moreover, S897 phosphorylation of EPHA2 can
be induced in a ligand-independent manner by RSK [32–34], Akt [40]
or PKA [41]. BP and BB increased RSK phosphorylation compared
with vehicle controls; this may be related to the hypoxic response
following inhibition of angiogenesis by bevacizumab [42] and
subsequent induction of RSK hyperphosphorylation [43].

In terms of gene expression, PB was the only treatment sequence to
induce statistically significant reductions in both lipogenic and
hypoxia-related genes in our xenograft models (LIM1215[B]).
Moreover, changes in the lipogenic genes FASN, HMGCR, MVD,
and LSS were also demonstrated in this study. Significant suppression
of FASN and MVD expression was observed with PB, which may
indicate anti-tumor activity; reduced activity of lipogenic pathways is
suggested to reduce malignancy and suppress oncogenic proliferation
[44]. Inhibition of EGFR signaling by panitumumab may lead to
functional inhibition of sterol regulatory element binding proteins,
thereby reducing expression of lipogenic genes [45,46]. Given that
hypoxia is known to induce the expression of lipogenic genes [47], the
expression of the hypoxia-related genes TGFBI and CA9 was examined.
PB significantly reduced the expression ofCA9 and TGFBI, indicative of
reduced hypoxic response in the tumor environment. Without
therapeutic intervention, hypoxia-inducible factor-1 (HIF-1) is constantly
induced in hypoxic tumors and promotes malignant processes. The
demonstrated reduction in CA9 expression is thought to be due to
panitumumab-mediated suppression of HIF-1 transcriptional activity
or HIF-1 protein expression [48–50]. TGFBI protein is another
prognostic factor in CRC [51] thought to be involved in activation of
cell proliferation, adhesion, migration, and invasion [52–55]. There-
fore, reduced TGFBI expression, as demonstrated by PB in the current
study, may contribute to the suppression of tumor progression in the
clinic.

When interpreting our results, we must consider the limitations
associated with the use of xenograft models of human cancers,
including the inability of these models to recapitulate the complexity
of human cancer [56]. In particular, heterotopic xenograft models, as
used in the current study, cannot reproduce the complex tumor-
stroma interactions of human autochthonous colorectal carcinoma.
Furthermore, xenograft tumors lack the heterogeneity of human tumors
due to their construction from standardized cell lines, and tumor
interactions with the immune system are compromised in SCID mice.
There are also key experimental design factors that differ between studies
of xenograft models and cancer in the clinical setting, including the time
scales over which the tumor develops and is treated. Consequently,
xenograftmodels in the current study did not become resistant to first-line
therapies as would be expected in the clinic; the two-week experimental
period was not sufficient to show resistance. Also, other potential factors
contributing to anti-EGFR therapy resistance, such as protein levels of
VEGF ligands and their receptor [24,28,29], were not monitored in the
current study;VEGFAmRNA did not change in our transcriptome data,
and phosphoproteomic analysis could not detect VEGF-A and VEGFR
peptides (data not shown).

In summary, PB has improved activity versus BP in terms of
inhibition of tumor growth, reduction of tumor cell proliferation
index, reduced expression and phosphorylation status of EPHA2, and
down-regulation of expression of lipogenic and hypoxia-related genes.
Taken together, these findings may explain in part the reason for the
survival benefits previously demonstrated in the clinical settings for
the use of first-line anti-EGFR antibodies followed by anti-VEGF
antibodies compared with first-line anti-VEGF antibodies followed
by anti-EGFR antibodies [19–21].



Figure 4. Relative expression of (A–H) lipogenic (FASN, HMGCR, MVD, LSS) and (I–L) hypoxia-related (CA9, TGFBI) genes in LIM1215(B)
xenograft tumors. Expression relative to vehicle control with first-line treatment is shown in (A–D) and (I–J), and with sequential treatment
in (E–H) and (K–L). Data represent mean ± SD (n = 8). *P b .05, **P b .01. B, bevacizumab; P, panitumumab; V, vehicle control.
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